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LIGHT REGIME OF A TWO-LAYER ATMOSPHERE-SEA MEDIUM
S. D. Gutshabash

The llght reglmes of the sea and the atmosphere, as well Zﬂﬂ*
as the intensity of diffuse radiation at the sea-atmosphere
boundary, may be determined from the following assumptlion. The
atmosphere, with an optical thickness of 1, and a gquantum sur-
vival probabllity A;, is adjacent. to the sea, whose optical
thickness 1s infinite and whose guantum survival probability /45
is A2. In a calculation of the atmospheric light regime, the
fact is taken into consideration that the atmosphere 1s irradi-
ated by both parallel solar rays, and radlation which is
diffusely reflected from the sea. The‘light regime of the sea
may be calculated under the assumption that the sea -is irradiated
not only by solar rays, which are attenuated by the atmosphere,
but also by diffuse radiation of the atmosphere.

At first, for purposes of simplicity, the scattering of
light in the sea and the atmosphere 1s assumed to be isotropiec,
and the boundary 1s not considered. Then the solution obtained

'1s generallzed to the case of nonlsotropic scattering. In

conclusion, the orthotropic boundary between the atmosphere and
the sea is consldered.

Isotropic Scatftering

Light regime of the atmosphere. Let us assume that an
isotropically scattering atmosphere 'ls lrradiated by parallel
rays, whose flux through a unit area perpendicular to the rays

¥Numbers 1In the margin indicate pagination of original
forelgn text. o
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at the level of the upper boundary equals 7S, and the angle of
incidence is 1 = arccos T. The source function Bo(t, ) is
determined by the following equation [1]

Bl ‘)——y j'!(r 7, C)dn+—~8e T )

where I(1t, n, r) 1s the strength of diffuse radiation at phe
optical depth 1, # = arccos n — angle with the normal. If, in
addition, the atmosphere is irradiated by diffuse radiation of
the strength I.(t, n, r) coming from the sea, then the source
function 1s

B( C)-— Iz, ,~..)d+ S T :
T 5 n e %— (2)

-t

+Tff=(==- Qe 7 dn

Equation (2) differs from (1) by a free term. However,
the free term of Equation (2) is the superposition of terms of
the same type as the free term of Equation (1). 'In.view of the
linearity of both equations, this means that the solution of

Equation (2) is .a superposition of the solutien of Equation (1).

Consequently, we may write

»

B =G );""—ff.x—-i‘v;'. DB -n DAL (3)

Thus, 1f the source function Bo(t, g) is known,for the case when
the atmosphere is irradiated by parallel rays, we may use inte-

gration to find the source function for the case when the atmos- /U6

phere is irradiated'%y diffuse radiation:of the sea, in addition.




The strength of diffuse radiation at the optical depth T,
which goes in the upwards direction "(Figure l), is determined
by the formula

T L 1= ]

i‘!“(r.___—n. Q=£§g§'.ﬁ_c)e‘"‘_?%- | Y

and in the downward direction

="

l@uan=583 Oe _ﬁ;,‘ - (5)

Instead of B(t, T), substituting its value from Equationr(3), we
obtain )

;!.-.(%-.1_-_.%"_‘;-_9;-_'{&'(_; . c)+-— § fg(c ', cm(c.—n ﬁ. ')a'n'

‘ ﬁ—l‘

’ _ i . +,2("1- "L C)e ¥ .- d, ; (&)
16 9t 1 943 4, s 1
where
P ,:+ B Cel*tﬁi
i;;(? —1.9 5 o(-c )J___?;‘; o m
he t)—JBocc D TS
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Formulas (6) determine the llght regime of the atmosphere.
If we set T = 0 in the first of them, we obtain the strength of
the radiation I (0, -n, z) which is diffusely reflected by the
two-@hyer'atmosphere—sea medlum.. -As 1s customary, aséuming

10(0 """I. C)==SP; (""1- "1: C)C !n("l. "I» C)——S“l (71- -“i- C)C A (8)
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‘solar rays attenuated by the
atmosphere, and diffuse radi-
ation of the atmosphere. .

ated by solar rays and
diffuse radiation of the sea.

we obtain

£0. 1 9=Sn (e 7 O 2[ flen . Ok )7
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The last term is
from the surface of the sea.

added to allow for radiation passing directly

Light regime of the sea. We shall assume that the optical
thickness 1 =.0 corresponds to the surface of the sea. - The flux éﬁl
‘of solar rays. through a unit surface at . the sea level .ls desig-
nated by wS'. Apparently we have '
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If it assumed that‘the sea 1ls irradiated only by parallel'
solar rays, then for the source function Eg(T,”C) we may wrlte

E!ﬁ.;‘?}# f 1(‘ n:.'ﬁldn—i—"f&f 'f”’f‘}" | (11)

Taking into. account the diffuse radiation .of the atmosphere, we
ebtain

1 A
=% _-:EI 'q, C)d'q-{-—S’ +-E21£)<- .
: (12)
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Utilizing, just as above, the principle of superposition, we

cbtain

3(‘= C)~—B( O+ s' jfn(‘n Ty C)B(f ')dﬂ’ (13)

The strength of the-diffuse radiation at the optical depth 7. 18

Rty

(Figure 2) bassing upward is

_‘E--‘l

’(? —71. C)—j'B(' t.)e ‘_‘. %1
and in the depths of the sea
s -~>--53<f'- pe AL Caw
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Utilizing Expression (13), we have

\ :(r (—n :‘c)efocc - f)+ 6[ n(el. o, 9 f&(r.l‘f—v&.;n')d?q:i,?"

/

(15)
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‘To determine the strength at fhe'atmosphere—sea boundary,
we assume T = T; in the second of the equations (6). Utilizing
Formulas (8), we find the strength of the diffuse radiation
passing from the atmosphere to the sea Ii(ty, n, ). Similanly;
assuming t = 0 in the first of the eguations (15), we find the
strength of the radlation which is diffusely reflected by the
sea. As a result, we obtain a system of equations for the
unknown strengths ' |

It("-'b "h- )=S’|(~1- _11. C)C+2S[2('°b "1 C)P}("l- f"l "I )‘4 d"'l b3
Bl C)=S?(n. -)c ¢ C+25n(n. n. )P(n P d'q

In the sebond of these equations, 1instead of the strength, we
have introduced the reflectlon coefficlent p{m, " c) by means of
the relationship

L0, —m 9=Spn, 0% - a8

The system, which 1s similar to system (17}, was examined /4
previously [2]. The solution may be found by means of certailn
auxlliary functions which only depend.on one of the arguments n

Or C'
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Nonisotropic Scattering

Let us extend the results obtained to the case of noniso-
tropic scattering in the atmosphere and the sea.

Light'regime of the atmosphere, .. If the atmosphere 1s
irradlated by parallel solar rays, then the source funetion is

Ba(t vz.C.?. ?u) ——-afd? j'l(-c 7,5 %)x/ . 10)

B _l.*
4

Xx.(m'r: '9. ’)dvz'-l-—an(m li ? ?u)e

where x(n, ¢, ¥, o) is the scattering indicatrix of the atmos-
phere, ¢ and g, are the azimuths calculated from a certain
direction.

If we assume that the atmosphere .is. irradiated by diffuse
radiation of the sea, then

- B(x, 'rr,_l.?. t)=8u(s, 7, , ? %) -

- pyp—

1 . .
. f d?’J L 7,59, edm(n W, 9 @)e . dn. (20)
Utilizihg the prihciple of superposition, we obtain
Bl G w=8o( % C & wt .
= B ¢
= ayd?'bhz(‘n-_’i G ? %)3(1 -z, 1, 7, % ?)dn e (21

where I,(T1, n, &, 9,9 o) 1s the strehgth of radiation which 1s
diffusely reflected by the sea. Substituting (21) in Equations
(4) and (5), _we | find the light regime at the optical depth «
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[(t =N c 7, ?0)—'10( /P :-l? ?U)—"' .
+ =5 fd? f/z(fl. 7,5 9 ?0)1(1—1‘, 7, ?9)dn';§
At G, ?o)—!o(f L N A : | (22)

+,sjdv Jm ‘o G 9L %)/n(=.-—~,~n ", 7 2

Formulas (22) determine the light regime of the atmosphere in.. /50
the case when the atmosphere is irradiated both by parallel rays,
and by diffuse radlation of the sea.

Light regime of the sea. If the sea is 1irradiated by
parallel solar rays attenuated by the atmosphere, then the source
function at the optical depth T is

x

,Al, ' . T /‘_‘
Bu(" n.t.v. %o —--4—_"_? j'f(' n C v ?n)xz(”I."l ?, ')X/
‘\\“‘fi xd '+_""S"x2(1:-; ?v %)E f- ' )

where Xz(n, &, ¥, ¥ ¢) 1s the scattering indacatrix of the sea.

- Taking into account diffuse radiation of the atmosphere, .we shall

" have
3(‘ . C. 3 ?o)—~3 (f n. C. ?. ‘?o)"]' |
or
8(1 n.t.?. %)—-B (1: ,,’_c ?_ %)+
5 d? JI‘(‘: ﬂ ;' (P ?0)80('It "Ir 'q.- cPo ) ')d"l.\ (25)
8




Utilizing Formulas (14), we find the strength of diffuse radiation
at the optical depth T — light reglme of the sea

- R (e R S e A A S -“"{/'/.
" Jd? Jfl("h"? C. *P ?n)fa(‘ —"1. 7, ?‘ ??fiﬂ}
!(-:. £ c % ?o)’mfo(" m, u, ® %)+—,3- I de’ b[>< (26)

X,l(fh "i C: ? ?a)fo(': 1], 7, ‘?’ ')d-q_i_ |

L 3-_5- ? e _“ .

Just as above, assuming v = T3 1in the-second of ‘the formulas (22),

and T = 0 in the first of the formulas (26), we obtain a system.

of equations which determines the strength at the sga—atmosphere

boundary o '
A, ("l- "lr 5 ?- Po) =353 (,, "ln C ?- ?n)n'f'

Ix o
+—J dy’ le(ﬁ. 7, % ? %)P:(f:. 1 %, ?.‘ 'M c ‘
'%]4;‘ '3- . (27) /51

—; tf?')f/:(fl.ﬂ.-,? ’?u)?(m"i 2 1 ')-n dy'.

i

{2(11 "I " ?I (?0)_80(?1 oy ‘?- ﬂ))e

If we represent the scattering indlcatrices in terms of Legendre
polynomlals, then, the solution of this system may be obtained by
means of certain auxiliary functioné which depend on one of the
variables n or . We should note that a system similar to this
one was studled previously.

Scattering of Light in the Sea with Allowance for the
Orthotrople Boundary between the Atmosphere and the Sea

Let us examine the problem of -1ight scatterlng in the two-
layer atmosphere-sea medlum, under the condition that the boundary
between the sea and the atmosphere 1s orthotropic. In certailn




f cases which occur in practice

1 (ripples on the sea), this boundary

\ L is close to the boundary actually

3 h(38) \_ - observed. For purposes of simpli-
[ (8) o city, we shall first assume that

' |

. \\\\\\ j . ;g .- the light scattering in both media
//// ) |

i \\\ o is isotropic, and then the results
CLE) | N (30

: 15 (y,l:)

obtained will be extended to the
case of nonisotropic scattering.

' We shall use A to designate
the ratio between the flux reflected
from the boundary between the media
. and the incident flux (albedo), in
Figure 3. Two-layer medium
with orthotropilc boundary. the first medium. In the second
medium, we shall use B. Generally

fa

speaking, the albedo depends on the angle of incidence for the
radiation, but we shall assume that A = const and B = const.,

We shall use I, (n, z) to designate the strength of diffuse
radiation| falling at the angle ¥ = arccos n to the normal,
from the first medium at the boundary between the medla. Since
the boundary is orthotropic, the strength of radiation coming
from the boundary‘I,(g) does not depend on n. I3(n, ) — the
strength of diffuse radiation  falling on the second medium at
the boundary, and I,(f) — that of radiation passing from the
boundary within‘the second'medium;(Figure 3), have similar o
properties. For the strengths'll, I2,:15, and Iy, we may write - /52

_—
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. ot R .{ 1'_'“_ -, Ao ol
Thn 9=Sa (5. O+ 0 (e, 0, AGnidy, o (28)
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-',%'fz(ﬁ)=A[Se (C+2ﬁ§ fl('l O"ldﬂ]-[-

+(1~UJ21=5).M11 d‘ﬂ N jT (29)
- y

gi (30)
g-}-(l-—A)[Se =c+2wj' I "' "'n d.-q]| (31).

In order to solve the system of eguations (28). — (31), we set

f:(’l, =5, (f:. 7 OG- !2(C)——SR(C)C.
< Li(n, C)-SP(':. 0%, 14('2)=SQ(")C. _1

v;(n)=2jp,(=.. 1, W) anf;. ‘h(n)—2 J p(n. K ’)'4 afi

e -tr:wf: '?.? '

‘Mn)ﬂe " —F2§°1(=:. %, 0 ')"1 d’:

., .

T .-_-\C,==2} n(*l)"zdm 26""2(71)11#11

[ SR A A,

In thls notatlon, the system of equations (28) ——-(31) may be

wrltten in the form -

(32)

11
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C T Ra 9=Q@wer
Q(’)==BCzQ Q+0- A) [+ () +CR Q). !

As 8 result of the solution of this system, we obtain

Y. A+ D -
U R(')“" 1~AC1-BC2—CICQD (3

e 1—A N :
B 1ot = oo L

- - A-i-CAD " ..
| % (‘lr LB £)='3| (11- %, - T—AC, — BC; oD *+ AR (T.)'é
. .

. B

L 1—4 PP,

. P "" t)==§ 1-.4(:. —BC;—CilaD_ K () (’_.)f_ |
B, S - )

where

.D==l-A B

Formulas (34) are the desired formulas.

We obtain the following for the strength of reflected
radiation, i.e., radiation which is diffusely reflected by a
two-layer medium '

£l

" " . i . e - -

<o

[5("1- )—S?l ("l "‘Lc)c‘i‘ [2{!:) 2= 5’1 Bt "l. "1)"'1 d"' +i
e g :

l

i R ;o PR . “
. e ". :\ S “{"12(1)8 '1_.' ke

or, utilizing the notation introduced above,

A e)—sc[pl(e.. 7 O+ﬁ;§%§fﬁi@p(ﬂ]ﬁ
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(35)

(36)
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We should note that the expression 1n the brackets 1s symmetricél
wlth respect to n and t, as 1s required by the principle of
reversibllity for optlecal phenomena.

The values of the auxiliary functions v, (1), v2(7) and u(t)
may be readily found by means of the Ambartsumyan functions and .
their zero moments [4].

We should note that when C; = 0, Formulas (32) and (35)
change into the formulas obtained by V..V. Sobolev [4] for a

medium limited by an orthotropic base.

In order to determine the lilght regime of the sea, we shall:

find the source function. Apparently, .in this case

(76w ddrelinoy e Ta 3%
1 T 9 '

. E(g. C)=--)-'§2—

Comparing this expression with the source function (11), we /54
find the following for-the case when the sea 1s irradlated by
parallel rays

B(r :)- "“? 2J80(1 C’)d""; - (39)

Substituting Expression (38) in Formulas (14), we may find
the light regime of the sea and the strength of diffuse radiation
at the boundary. Then, multiplying Equation (39) by

13-

[y
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and integrating between 0 to «, we obtain

fa( c)- 4t 254.@, ). 1'_--_ . (b0)

HIEAPS SRS -nw S—— _w\.-m-—»n

Assuming

Lin, 9=Sp(n, QL' (41)

we agaln arrive at Formula (30).

The results obtained above may be readlly extended to the
case of nonisotropic scattering of light 'in the atmosphere and
the sea. We shall use x;{(y) to designate the scattering indlca~
trix 1n the atmosphere, and xz2(Y) ~~ in the sea. Just as pre-
viously, we shall assume that the brightness coefficients of
each of the media, in the absence of the other, are known:

.pl(ﬁ_’ K0 g' %) , ot n.d e » and p(mg, @ Go) -

For the strength at the sea—atmosphere‘boundary.(dn}§[¢LqQ,
(L, 90). Is(n, & 9. @), and"l‘_(;,__._po)- , assuming the boundary 1s ortho-

. trople, we obtain

(42)

fz«-:?a}ﬂ:‘l [Se : +_f dy’ 5 b .{ ?'_ ?f’) _11 djz. ]-i—,e

]
*

(I:—-B)jd?)- Ia("l C.‘P ?0).,4‘{13_
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’z'&- - .

fa(n. C. ?. ?n)=1=‘-55—?9—)-§ d? lSp(n. 7, 2 9 ')'a dvi 2

RS %)==B§ d?J LA 0 - dn+

IR

N B R R
+(i __A)[Se C_{_I d:?laf n(, :; ?'. Fo) 'q'dn']. ! (45)
As is customary, we shall assume -that the indicatrices may be
represented 1in terms of<Legendreipolynomials
x,m_S‘ %P, (cos ,) xz(T)——? y,,P (cos 7). | e (46)
n-'U .-.0
and then the brlghtness coefficienﬁs are determined by the
" relationships o
o (ﬁ. , C e %)- E 95“’(' . T)cosnlp—7) |
|" . : =0 e ™ L
;":(‘:. -vz. C. ?. ‘?n) Eﬁ “‘(r;. » C)cosn(? %). . (47)
~-w? r‘f, S . L .}¢
i p(n. W ?u)—uz p (, ')cosn(? %) |
: ‘-‘Z" oL ' =0 - _____:
If we try to determine I, and I, 1n the form
: . | o
l:(ﬂ. G, . )=sc=,(n. a3 %)—js' S‘ai"’_(n ocosu@»-—?o) |
wl A !. e [T w0 . | (48)
- fa(ﬂ. C. 2 ?o)—S:P (n. C 7 ?.,)—-5" Z o™ (n. C) cos ﬂ(ﬂ—?o)
;" i - a=0_
and substitute (47) and (48) in Equations (HZ)'F— (45), then only
the first terms remain in all the sums as a result of integration

over the azimuth. Thus, the solution of Equations (42) — (45)

15
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may be written similarly to the solution of the System (28) —
(31). It thus follows that we may replace pi(Ti, n, n'), p{(n, n'),
and ¢1(1t1, N, n') in the auxiliary functions-vl(n) and va(n) by

(0)(n,

( )(Tls ns n )p rl )9 and 01 )(Tla Ny !-)-

To determine the light regime of the sea, we must find the
source function. . Apparently, in this case

15'(1 mQ '?, fd? J!(‘ L waX

\;‘.'

X("l- n'r ‘?l_ ')d"'i + {-| (‘-- ?O)j. d" ‘ X ( 7]'- ?r ?’)e"? d.’:"“

Comparing this equation with Equation (24) and utilizing the
principle of superpositlion, we have

B(f 7 C 2 )= -!‘—{5-5’1)—-] d? jB . W SNy, (50)

Thus, in this case, the source function B may be found, if /56

“the source function By 1s known for a medium irradiated by paral-

lel rays.

Thus, 1f the source function is known for a medium which is
irradiated by parallel rays, then finding the source function for
a medium irradiated by diffuse radiation reduces to simple inte-
gration over the directions. Thus, the light regime of the atmos=-
phere 1s determined by Formulas (7), if the atmosphere is .irradi-
ated only by parallel solar rays, and it .is determined by Formulas

'(6), if in addition the atmosphere is lrradiated by diffuse radi-

ation coming from the surface of the sea. ' In a simllar manner,
the light regime of the sea 1s determined by Formulas (16), if

16
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the sea is irradiated only by parallel solar rays attenuated by
the atmosphere, and it is determined by Formulas {15), if the
gsea is irradiated by:diffpse radiation of the atmosphere.
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